We studied the nonlinear time-resolved luminescence signals due to multiexciton recombination processes in single-walled carbon nanotubes ͑SWNTs͒ using femtosecond excitation correlation ͑FEC͒ spectroscopy. From theoretical analysis of the FEC signals, we found that the FEC signals in the long time range are dominated by the single exciton decay in SWNTs, where the exciton-exciton annihilation process is efficient. Our results provide a simple method to clarify the single exciton decay dynamics in low-dimensional materials.
I. INTRODUCTION
Since the first report in 1981, 1,2 the nonlinear timeresolved photoluminescence ͑PL͒ spectroscopy technique termed picosecond or femtosecond excitation correlation ͑PEC or FEC͒ has been applied to investigate the carrier and/or exciton dynamics in various semiconductors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] This method has the benefits of excellent time-resolution, limited only by the pulse width of the laser light used to excite the material, and a simpler experimental setup than the other ultrafast techniques. Theoretical models of the origin of FEC signals are inevitably required for interpretation of the data. Previous studies using the excitation correlation method concerned the recombination lifetimes of carriers [1] [2] [3] [4] [5] [6] [7] and excitons, 8 tunneling dynamics, [9] [10] [11] bimolecular formation of excitons, 12, 13 and transport properties of carriers. 14, 15 FEC signals are based on optical nonlinearities in materials. Since single-walled carbon nanotubes ͑SWNTs͒ are known to have strong optical nonlinearities, one could apply the FEC method on SWNTs. 16, 17 The exciton-exciton annihilation process dominates the nonlinearity of low-dimensional semiconductor nanostructures with strong Coulomb interactions, such as SWNTs. [18] [19] [20] [21] [22] SWNTs have large exciton binding energies ͑ϳ0.4 eV͒, 23 and excitons are stable even at room temperature. In addition, very rapid exciton-exciton annihilation processes ͑of the order 1 ps for only two excitons͒ have been reported. 21, 22 Well-isolated SWNTs show near infrared ͑IR͒ PL around 1 eV, [23] [24] [25] [26] [27] and the emission energy is inversely proportional to the tube diameter, d. Recent time-resolved measurements by time-correlated single photon counting ͑TCSPC͒ method, [28] [29] [30] [31] streak camera, 32, 33 frequency up conversion, 34 and Kerr gate 18, 35 techniques have revealed the PL lifetimes of isolated SWNTs of the order of 10-100 ps. However, the TCSPC measurement is inadequate for the large diameter SWNTs ͑d Ͼ ϳ 0.8 nm͒ because of the limit of the sensitive range of Si-based single photon counting avalanche photodiodes, and the sensitivity and time-resolution of near IR streak cameras are low. Although frequency upconversion 34 and Kerr gate 18, 35 methods provide excellent time-resolution, these methods involve relatively complicated experimental setups. Hence, the development of alternatives has been ea-gerly anticipated to measure the ultrafast PL dynamics in SWNTs in the near IR range with good time resolution. Although there has been a report on the FEC measurements of SWNTs in which the interpretation was performed using a stochastic model, 17 no study has reported the analytical expression of the time dependence of the FEC signals that makes the physics behind the FEC signals in SWNTs clearer and makes it easier to interpret the obtained data by this method.
In this paper, we analytically calculate the nonlinear FEC signals arising from the nonradiative exciton-exciton annihilation process, and apply FEC spectroscopy to SWNTs. In Sec. II, we describe a theoretical analysis of the nonlinear FEC signals after presenting a general aspect of the FEC measurement. In Sec. III, we show the experimental procedures and results on SWNTs as a typical material having stable excitons even at room temperature and exhibiting very efficient exciton-exciton annihilation in the strong excitation regime. We analyze the experimental data based on the theoretical scheme presented in Sec. II and successfully derive the single exciton lifetimes in SWNTs. Our results suggest that the FEC signals are dominated by single exciton decay at longer delay times, after the rapid exciton-exciton nonradiative recombination processes. The single exciton lifetimes can be readily determined using the FEC technique in materials where the exciton-exciton annihilation process dominates the optical nonlinearity.
II. THEORETICAL ANALYSIS OF EXCITATION CORRELATION SIGNALS DUE TO RAPID EXCITON-EXCITON ANNIHILATION
The PL correlation signals measured by the FEC method originate from the nonlinearity in the PL intensity as a function of the excitation power. We assume a pair of pump beams with the same power and photon energy, and the beams are modulated at two different frequencies, 1 and 2 , and the nonlinear PL signal from the sample is detected using a lock-in amplifier. When one of the pump beams is blocked, the output signals of the lock-in amplifier are expressed as
where I 0 is the amplitude of the detected PL intensity, and S͑t , i ͒ are 50% duty cycle square waves with amplitudes between 1 and 0 and frequencies 1 and 2 . Nonlinear response that we detect as the FEC signals occurs only when the two pump beams are on at the same time. The time dependence of this signal can be expressed as
where I C ͑͒ is the amplitude of the nonlinear correlation signal as a function of the delay time between two pump pulses. Then, the total detected signal can be expressed as
Because the term S͑t , 1 ͒S͑t , 2 ͒ can be decomposed into two components with frequencies 1 + 2 and 1 − 2 , we can separate the contribution of I C ͑͒ by selecting the lock-in response at the sum or difference frequencies. The functional form of I C ͑͒ depends on the mechanism of nonlinearity in the materials.
Here, we consider low dimensional semiconductors where the optical properties are dominated by strongly bound excitons, and the nonlinearity of the PL is caused by excitonexciton annihilation ͑Auger nonradiative recombination͒. This situation is well-known to occur in SWNTs, [18] [19] [20] [21] [22] 36 which is one of the ideal one-dimensional materials with stable excitons and strong exciton-exciton interactions. The recent study on PL saturation has shown that the effect of absorption saturation is still small even for PL saturation regime. 36 Under strong pump intensity, where the initially generated exciton population in a SWNT by a single pump pulse is more than 1, we assume that the average exciton population N obeys the following rate equations:
where N A and N 1 are exciton populations under N Ն 1 and N Յ 1 conditions, respectively, ␥ A is the coefficient determining the nonlinear decay rate ␥ A N͑N −1͒, 18 ␥ 1 is the recombination rate for a single exciton, and G͑t͒ is the instantaneous generation function of N 0 ͑Ͼ1͒ excitons at t = 0. Equations ͑5͒ and ͑6͒ give the short-time ͑nonlinear͒ and long-time ͑linear͒ exciton population functions that correspond to the short and long time limits of the solution of the stochastic model of exciton relaxation in SWNTs, 37 which is valid for the strong excitation conditions studied here. Here, we neglect the fine structure of the exciton levels at room temperature ͑e.g., bright-dark exciton level splitting͒, [38] [39] [40] [41] and as-sume that the excitons generated in higher energy states relax into the lowest bright state in a time shorter than the pulse duration, and unity relaxation efficiency. Under these conditions, Eqs. ͑5͒ and ͑6͒ become
͑9͒
Equations ͑7͒ and ͑8͒ are smoothly connected at t = t 1 , and this modeling of the time dependent exciton population enables us to obtain analytical expression of the FEC decay curves.
For a single-pulse excitation, the exciton number
where ⌰͑t͒ is the Heaviside step function for which ⌰͑0͒ = 1 is defined. For a two-pulse excitation with a delay time , the exciton number, N T ͑t , N 0 , ͒, is given by
For recombination of the N T ͑t , N 0 , ͒ excitons, the total PL intensity I PL ͑N 0 , ͒ is described as
where ␥ R is the radiative decay rate. The correlation ͑FEC͒ signal I C ͑N 0 , ͒ is defined as
I PL ͑N 0 , ͒ is calculated for Ͻ t 1 and Ն t 1 as
I PL ͑N 0 , ϱ͒ is obtained by taking the limit of → ϱ as
͑17͒
The I C ͑N 0 , ͒ is thus calculated according to Eq. ͑13͒ as
͑19͒
Note that the second logarithm term in Eq. ͑19͒ is considerably smaller than the first exponential term for N 0 ӷ 1 and ␥ A ӷ ␥ 1 . The simplified form of I C ͑N 0 , ͒ in this condition is, therefore,
Hence, the correlation signals for Ն t 1 , N 0 ӷ 1 and ␥ A ӷ ␥ 1 can be approximated as simple monoexponential decay with the total exciton recombination rate ␥ 1 .
The theoretical result can be qualitatively understood as follows. Figures 1͑a͒ and 1͑b͒ show schematic diagrams of the mechanism of FEC signals due to exciton-exciton annihilation for ӷ ␥ 1 −1 and ϳ ␥ 1 −1 under the conditions N 0 ӷ 1 and ␥ A ӷ ␥ 1 , respectively. The first pulse generates N 0 excitons at t = 0, and the multiexcitons quickly annihilate due to rapid exciton-exciton nonradiative recombination processes, followed by the decay of the single surviving exciton. At longer delay time ӷ ␥ 1 −1 in Fig. 1͑a͒ , no correlation exists between the PL signals generated by the first and second pulse; the nonlinear correlation signal is zero. After the shorter delay time, ϳ ␥ 1 −1 , in Fig. 1͑b͒ , the second pulse additionally generates N 0 excitons, and the total generated, N 0 + N 1 ͑͒, ͓N 1 ͑͒ Ͻ 1͔ again quickly annihilate. If we neglect the integrated PL intensity in the very short time period of the fast nonlinear decay ͑0 Յ Յ t 1 ͒, the second pulse instantaneously removes the N 1 ͑͒ excitons generated by the first pulse. The difference of I PL ͑N 0 , ͒ and I PL ͑N 0 , ϱ͒ thus corresponds to the integration of the removed excitons from t = to ϱ as
Hence, if N 1 ͑t͒ is the monoexponential function, the correlation signal can be approximated by a monoexponential function in this case. Figures 2͑a͒ and 2͑b͒ show simulated correlation signals using Eqs. ͑18͒ and ͑19͒ for various N 0 values with the parameters of ␥ A / ␥ 1 = 10 and ␥ A / ␥ 1 = 100, respectively. These values were selected for simulation because the reported nonlinear annihilation coefficients ␥ A are of the order of 1 ps −1 ͑Refs. 21 and 22͒ for SWNTs, which is about one to two orders of magnitude larger than the single exciton recombination rates. [28] [29] [30] [31] [32] [33] [34] [35] The upward direction on the vertical axis in the figures indicates that the FEC signals have a negative sign. A monoexponential decay is also shown in Figs. 2͑a͒ and 2͑b͒ for comparison. The weak dependence on N 0 appears only in the very short delay time range ͓Figs. 2͑a͒ and 2͑b͔͒, when the single exciton recombination rate is much smaller than the exciton-exciton annihilation rate. After a delay time longer than ϳ␥ A −1 , the decay curve is almost perfectly coincident with the monoexponential decay with the single-exciton decay rate ␥ 1 . This indicates that the single exciton decay can be readily studied from the FEC signals as long as the condition ␥ A ӷ ␥ 1 is satisfied. Moreover, we can check whether these conditions are satisfied by measuring the excitation power dependence of the FEC decay curves.
III. EXPERIMENTAL RESULTS OF FEMTOSECOND EXCITATION CORRELATION SIGNALS FROM SINGLE-WALLED CARBON NANOTUBES
The SWNTs synthesized by the alcohol catalytic chemical vapor deposition ͑ACCVD͒ method at 850°C ͑Ref. 42͒ were isolated by dispersion in a toluene solution with 0.07 wt% poly͓9,9-dioctylfluorenyl-2,7-diyl͔ ͑PFO͒ ͑PFOdispersed SWNTs͒, 60 min of moderate bath sonication, 15 min of vigorous sonication with a tip-type sonicator, and centrifugation at an acceleration of 13 000 g for 5 min, according to the procedure developed by Nish et al. 43 To check the sample quality, we measured a PL excitation map and an optical absorption spectrum of PFO-dispersed SWNTs, respectively ͑not shown here͒. 44 We observed the very low underlying background in the absorption spectrum and pronounced absorption peaks, which are a signature of excellently isolated, high quality dispersion of SWNTs with an absence of bundled SWNTs, residual impurities, or other amorphous or graphitic carbon compounds. 43 The optical measurements indicate that only several types of chiral indi-ces ͑n, m͒ ͑Ref. 45͒ are included in the sample. For comparison, we also prepared SWNTs by dispersion in D 2 O using 0.5 wt% sodium dodecyl benzene sulfonate ͑SDBS͒ ͑SDBSdispersed SWNTs͒ with 30 min of vigorous sonication and ultracentrifugation at an acceleration of 150 000 g for 2 h, according to the procedure in Ref. 24. We measured the delay time dependence of FEC signals for SWNTs. The SWNTs were excited with ultrashort pulses from a Ti:sapphire laser of central wavelength 745 nm, repetition rate 80 MHz, pulse duration ϳ150 fs, and spectral width 8 nm. The two beams were separated by a delay time and chopped at 800 and 670 Hz, respectively, then collinearly focused to a spot size of ϳ10 m. Only the PL signal components modulated at the sum frequency ͑1470 Hz͒ were detected using a photomultiplier and a lock-in amplifier, following dispersion of the PL using a monochromator. The measurements were carried out under the excitation of ϳ20 to 300 J / cm 2 . The background subtraction of the FEC signals was based on the signal values at delay times more than ϳ0.7-1 ns, which is considerably longer than the PL lifetimes of SWNTs. We have confirmed the validity of the background subtraction from the experimental observation that no PL signal in the range of more than ϳ600 ps exists using a near IR streak camera with the time resolution of ϳ100 ps. Figure 3͑a͒ shows the excitation power dependence of the FEC signals for PFO-dispersed ͑8, 7͒ SWNTs as a function of the delay time. Inset of Fig. 3͑a͒ compares the each FEC decay curve normalized at = 0. We observed no substantial change in the FEC decay curve with the excitation power density in the range ϳ20 to 300 J / cm 2 , which is consistent with previous results for the micelle-encapsulated SWNTs in D 2 O. 16 Assuming the recently reported absorption cross section of E 22 excitons ϳ110 nm 2 / m, 30 the number of excitons generated by a single pulse in our experiment was roughly estimated as ϳ10 1 -10 2 excitons for the excitation density of ϳ20 to 300 J / cm 2 . From this estimate, we can confirm that the theoretical analysis in Sec. II is applicable to the experimentally obtained FEC signals. Moreover, this lack of excitation power dependence is a strong indication of the very rapid exciton-exciton annihilation processes in SWNTs described in Sec. II. Figure 3͑b͒ shows the FEC signals for PFO-dispersed SWNTs with various chiral indices. We found that the decay curves are well described by a double-exponential function ͑solid line͒ after subtracting the background signals for all the observed ͑n, m͒ SWNTs. The double-exponential PL decay even in a single SWNT with relatively long PL lifetimes was recently observed. 30, 46 Since we observed no excitation power dependence of the FEC decay curve ͓as shown in Fig.  3͑a͔͒ , we can use Eq. ͑21͒ for the analysis of the FEC signals. The exciton population obeying the double-exponential decay as
gives the FEC signal I C ͑͒ calculated using Eq. ͑21͒ as
where C is the fractional amplitude of the fast decay component. For ͑7, 5͒ SWNTs, we fitted the experimental results of FEC signals and obtained C Х 0.92, A Х 45 ps and B Х 200 ps. Here, we define the effective PL lifetime as EFF = C A + ͑1−C͒ B . The EFF obtained for ͑7, 5͒ was 58Ϯ 21 ps. We have also checked that EFF is consistent with that obtained by the streak camera ͑ϳ60 ps͒. Furthermore, these results are quite similar to the recently reported values for high quality single ͑6, 5͒ SWNTs in surfactant suspension measured by TCSPC. 30 This suggests that the single exciton decay can be properly measured by the FEC technique for high quality SWNTs used here. We also measured the PL lifetimes of various ͑n, m͒ species, as shown in Fig. 3͑b͒ . The EFF values obtained for ͑7, 6͒, ͑8, 6͒, and ͑8, 7͒ SWNTs were 43Ϯ 9, 42Ϯ 12, and 33Ϯ 9 ps, respectively. Because the radiative lifetimes of excitons in SWNTs are of the order of 1-10 ns, 44 the PL lifetimes on the order of several tens of picoseconds are attributed to nonradiative decay due to extrinsic effects such as defects, doping, and impurities.
In order to further study the nonradiative processes, we also performed the effective PL lifetime measurements of SWNTs dispersed in D 2 O using SDBS. Figure 4 compares the diameter dependence of the effective PL lifetimes of PFO-dispersed and SDBS-dispersed SWNTs. The PFOdispersed SWNTs have longer PL lifetimes than the SDBSdispersed SWNTs in smaller diameter range ͑d Ͻ 1 nm͒. When the ensemble averages could be dominated by a minority of SWNTs with bright PL, the total average PL lifetimes of SDBS-dispersed SWNTs might be smaller than the values obtained here considering the large background signals in optical absorption spectra. 44 The PFO-dispersed SWNTs tend to have shorter PL lifetimes with increasing the diameters. On the other hand, the PL lifetimes of SDBSdispersed SWNTs are almost constant in this diameter range.
These results suggest that the effective PL lifetimes are determined by the nonradiative process and the dispersion method of SWNTs strongly affects the exciton nonradiative decay rates. Because the larger diameter SWNTs ͑d Ͼ 1 nm͒ are important for applications such as optical communication devices, suppression of the nonradiative decay and improvement of the PL quantum yields for larger diameter SWNTs is highly desirable. In addition to the usefulness of the FEC technique for fundamental physics researches, PL lifetime measurement using FEC will enable easy samplequality screening of large diameter SWNTs with PL emission energies less than ϳ1 eV.
IV. SUMMARY
We have demonstrated the theoretical analysis of FEC signals originating from nonradiative exciton-exciton annihilation processes. We found that the FEC signals are dominated by the single exciton decay dynamics when the nonlinear exciton-exciton annihilation process is much faster than the single exciton decay. We measured the FEC signals in SWNTs and determined the single-exciton decay lifetimes. Our results suggest that FEC spectroscopy, with advantages in terms of the time resolution and simple experimental setup, is very useful for the exciton lifetime measurement in low-dimensional materials with rapid exciton-exciton annihilation.
ACKNOWLEDGMENTS
The authors would like to thank S. Noda and K. Ishizaki ͑Kyoto University͒ for their experimental support in using the IR streak camera. One of the authors ͑Y. 
